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886 Brief Communication 

INCENP is required for proper targeting of Survivin to the 
centromeres and the anaphase spindle during mitosis 

Sally P. Wheatley*, Ana Carvalho*^, Paola Vagnarelli* 
and William C. Earnshaw* 



Three lines of investigation have suggested that 
interactions between Survivin and the 
chromosomal passenger proteins INCENP and 
Aurora-B kinase may be important for mitotic 
progression. First, interference with the function of 
Survivin/BIRI, INCENP, or Aurora-B kinase leads 
to similar defects in mitosis and cytokinesis [1-7] 
(see [8] for review). Second, INCENP and Aurora-B 
exist in a complex in Xenopus eggs [9] and in 
mammalian cultured cells [7]. Third, interference with 
Survivin or INCENP function causes Aurora-B kinase 
to be mislocalized in mitosis in both C. elegans 
and vertebrates [5, 7, 9]. Here, we provide evidence 
that Survivin, Aurora-B, and INCENP Interact 
physically and functionally. Direct visualization of 
Survivin-GFP in mitotic cells reveals that it 
localizes identically to INCENP and Aurora-B. 
Survivin binds directly to both Aurora-B and 
INCENP in yeast two*hybrid and in vitro pull-down 
assays. The in vitro interaction between Survivin 
and Aurora-B is extraordinarily stable in that it 
resists 3 M NaCI. Finally, Survivin and INCENP 
interact functionally in vivo; in cells in which INCENP 
localization Is disrupted, Survivin adheres to the 
chromosomes and no longer concentrates at the 
centromeres or transfers to the anaphase spindle 
midzone. Our data provide the first biochemical 
evidence that Survivin can interact directly with 
members of the chromosomal passenger complex. 
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Results and discussion 

Human Survivin is a bona fide chromosomal 
passenger protein 

Recent attempts to determine the role of Survivin in the 
regulation of mitosis and apoptosis have been hindered 
by a controversy over the protein's localization in mitotic 
cells. The original studies found Survivin to be associated 
with spindle microtubules and suggested that this associa- 
tion was required for its anci-apoptocic function [10, 11]. 
In contrast, recent studies for which different antibodies 
were used have suggested that Survivin is a chromosomal 
passenger protein [12] that associates with chromosomes 
early in mitosis and transfers to the spindle at ana/telo- 
phase [13, 14]. 

Here we used two antibodies to localize Survivin in mi- 
totic cells. Staining of HeLa cells with a commercial poly- 
clonal antibody (www.novus-biologicals.com) indicated 
that Survivin associates with chromosomes early in mitosis 
and is released from the centromeres to the central spindle 
and equatorial cortex during anaphase (Figure la-«). In 
cytokinesis, Survivin accumulates in the midbody and is 
eventually discarded with the intercellular bridge. This 
pattern of localization was also seen in human osteosar- 
coma (U20S) and chicken hepatoma (DU249, not shown) 
cells and was completely blocked when the antibody was 
preincubated with GST-Survivin (Figure Ig-i). Chromo- 
somal spreads from mitotic HeLa cells (Figure 10 and 
costaining with anti-Survivin and anti-Aurora-B antibod- 
ies (Figure 4a,b,e) revealed that Survivin and Aurora-B 
colocalize on centromeres at metaphase and at the mid- 
zone in anaphase. This behavior is characteristic of the 
chromosomal passenger proteins [3, 12, 15-17]. 

When we probed mitotic cells with the 8E2 monoclonal 
antibody used in the original immunolocalization studies 
of Survivin [10, 11], we obtained a strikingly different 
result. Survivin was observed on microtubules throughout 
mitosis, with no binding to chromosomes, centromeres, 
or the spindle midzone (Figure lj-1). In controls, preab- 
sorption of 8E2 with GST-Survivin completely abolished 
the staining pattern (Figure Im-o). 

To resolve this conflict, we visualized Survivin directly 
in mitotic HeLa cells transiently transfected with C-termi- 
nally GFP-tagged Survivin cDNA. Survivin-GFP exhib- 
ited a chromosomal passenger distribution identical to that 
obtained by immunofluorescence with the commercial 
antibody (Figure 2a-f). This distribution was also ob- 
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Conflicting Survivin localization in mitosis with two published 
antibodies, (a-e) Hel^ cells were probed for Survivin with a rabbit 
polyclonal anti-Survivin antibody (www.novus-biochemicals.com; red), 
anti-tubulin (green), and DAPI Qslue). (a) Sun/ivin is not associated 
with the chromosomes in early prophase, (b) is centromeric during 
prometaphase and metaphase, (c,d) localizes to the midzone and 
equatorial cortex during anaphase and telophase, and (e) localizes to 
the midbody during cytokinesis, (f) Mitotic HeLa cells were spread and 



served in cells stably expressing the chimeric protein (data 
not shown). Centromeric and midbody staining was also 
seen with Survivin tagged at its NH2 terminus with HA- 
His6, or CFP; however, transfer to the anaphase central 
spindle was not observed (data not shown). 

The reason for the different localization observed with 
the original anti-Survivin monoclonal antibody is not 
known, but it could be due to the recognition of a splice 
variant or a shared epitope present on another spindle- 
associated protein. Regardless, we can now be confident 
that human Survivin is a bona fide chromosomal passenger 
protein as claimed by [13, 14]. 

Survivin interacts directly with Aurora-B and INCENP 

A key question raised by recent studies of chromosomal 
passengers (for review, see [8]) is whether Survivin, Au- 
rora-B, and INCENP interact directly with one another. 
Using the yeast two-hybrid system, we detected an ex- 
tremely robust interaction between Survivin and Aurora-B 
kinase and a significant interaction between Survivin and 
INCENP (Figure 3a). The interaction with Aurora-B was 
an order of magnitude stronger than that between 
INCENP and the positive control, heterochromatin pro- 
tein-1 (HPl; [18]). 

We confirmed a direct interaction between Survivin and 
Aurora-B on the one hand and between Survivin and 
INCENP on the other by using a GST-fractionation assay. 
In vitro-translated INCENP and Aurora-B bound specifi- 
cally to glutathione sepharose beads coated with GST- 
Survivin (Figure 3b,c, lane 4) or GST-Survivin-GFP (Fig- 
ure 3b,c, lane 8), but not GST alone (Figure 3b,c, lane 
2) or, in the case of Aurora-B, GST-HP 1 (Figure 3b, lane 
6). These in vitro interactions are extremely robust; the 
interaction between Survivin and Aurora-B was stable 
even at 3 M NaCl (Figure 3d), and Survivin and INCENP 
maintain their association up to 0.6 M NaCl (Figure 3d). 
These data verify that Survivin can bind directly to both 
Aurora-B and INCENP and demonstrate that Survivin- 
GFP behaves similarly to untagged Survivin in vitro. 

A dominant-negative INCENP mutant bloclcs Survivin 
localization to centromeres and the spindle midzone 

We obtained conclusive evidence for a functional interac- 
tion between Survivin and INCENP in vivo by using the 
dominant-negative INCENP mutant, INCENP,^ [2]. 



probed simultaneously for Survivin (red) and DNA (blue). Sun/ivin 
localizes at centromeres, (g-i) Preincubation of the antibody with a 
1 0-fold excess of GST-Survivin for 1 hr at 25°C completely blocked 
the staining, (j-l) A mouse monoclonal antibody, 8E2 [10], shows 
Survivin (red) to be localized on microtubules throughout mitosis: 
(j) metaphase, (k) anaphase, (I) cytokinesis, (m-o) Preincubation of 
8E2 antibody with GST-Sun/ivin also completely abolished staining. 
The scale bars represent 5 ixm. 
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Human Survivin-GFP is a chromosomal passenger in HeLa cells. HeLa 
cells were transiently transfected by electroporation with C-terminally 
GFP-tagged human Survivin and were observed after 24 hr. Survivin- 
GFP was (a) cytoplasmic in interphase, (b) interchromosomal in 
prophase, and localized on (c) the centromeres during prometaphase/ 
metaphase, (d,e) the spindle midzone and the equatorial cell cortex 
during anaphase/telophase, and (f) the midbody during cytokinesis. 
Arrowheads in (c) point to centromeres. The scale bars represent 
5 |im. 



In transfected cells expressing INCENPi^, endogenous 
INCENP fails to localize correctly [2], and Aurora-B is 
distributed diffusely throughout the cytoplasm [9]. 
INCENP also disrupted Survivin localization in mi- 
totic cells, though in a manner distinct from its effect on 
Aurora-B kinase (Figure 4). In 90% of prometaphase 
HeLa cells transiently transfected with INCENP (N = 
161; Figure 4c), Survivin was distributed evenly along 
the chromosome arms and did not concentrate at the 
centromeres. The remaining 10% of transfected ceils 
showed some concentration of Survivin at the centro- 
meres, and this observation was possibly indicative of 
the presence of residual wild-type INCENP or Aurora-B 
protein. During anaphase/ telophase, despite the develop- 
ment of a normal central spindle (Figure 4g), Survivin did 
not transfer to the central spindle or the equatorial cortex 
but remained on the chromosomes in 80% of cells trans- 
fected widi INCENP,^5 (N = 20); 20% of cells showed 
a more diffuse pattern of staining. In colcemid-blocked 
cells, INCENPmos also prevented Survivin-GFP from tar- 
geting to centromeres (Figure 4e,0. Therefore, INCENP 
is required for targeting Survivin to its centromeric and 
central spindle locations during mitosis and may lie up- 
stream of Survivin in a common pathway. Interestingly, 
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Survivin interacts directly with Aurora-B and INCENP, (a) Human 
Survivin cDNA in the two-hybrid bait vector pEG202 was tested for 
interaction with full-length human Aurora-B (lane 1 ) or chicken INCENP 
(lane 4) in pJQ4.5 with a quantitative p-galactosidase assay as 
described previously [21}. Activity is plotted on a log scale. pRFHMt 
versus Aurora-B or INCENP is shown in lanes 2 and 5 (negative control). 
Lane 3 shows the interaction between INCENP and heterochromatin 
protein-1 (HP1 ; positive control). This assay was negative, with the 
vectors in the opposite orientation. (b,c) Human Survivin interacts 
directly with Aurora-B and INCENP in vitro. Survivin fused at its NH2 
terminus to GST was bound to glutathione sepharose beads and 
incubated with (b) in vitro-translated Aurora-B or (c) INCENP. The 
lanes are as follows: lane 1 , Total input (T); lane 2, material bound to 
GST alone (In the negative control, GST was used in approximate 
3-fold excess over the GST-Sun^ivin); lane 3, supernatant for GST 
alone; lane 4, GST-Sun^ivin pellet; lane 5, GST-Survivin supernatant; 
lane 6, GST-HP1 pellet; lane 7, GST-HP1 supernatant; lane 8, GST- 
Survivin-GFP pellet; lane 9, GST-Sunnvin-GFP supernatant. Bound 
(b) and unbound (u) fractions are labeled. Both Aurora-B and INCENP 
bound to beads coated with GST-Survivin and GST-Sumvin-GFP 
(lanes 4 and 8). (d) GST-Survivin-coated beads were incubated with 
in vitro-translated INCENP (left) or Aurora-B (right), then washed 
for 1 hr in NaCI as indicated. The interaction between GST-Survivin 
and Aurora-B was extremely robust and withstood 3 M NaCI, while 
INCENP remained bound to GST-Survivin at 600 mM NaCI. 
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lNCENPi-405 prevents Survivin from targeting 
to the centromeres and the central spindle. 
HeLa cells were transiently transfected by 
electroporation v^th the dominant-negative 
INCENP mutant. INCENP,.405 (21. After 24 hr. 
cells were fcxed, counterstained for DNA with 
DAPI (blue, "prime" panels), and probed for 
Aurora-B with the monoclona] antibody anti- 
AIM1 (green, 'double prime" panels); cells 
were probed for Survivin by the use of Novus 
polyclonal antibody (red, "triple prime" panels), 
and images were processed as described 
above. Aurora-B mislocalization was used for 
the identification of transfected cells (see 
[9]). In control cells, Aurora-B and Sun/ivrn 
localized to (a-a'") centromeres during 
prometaphase and metaphase and to (b-b'") 
the central spindle and equatorial cortex during 
anaphase. (c-c"',d-d"',9-g'") In cells 
transfected with INCENPt^osi Aurora-B was 
dispersed throughout the cell in prometaphase 
and anaphase ("double prime" panels), while 
Survivin bound all along the chromosomes and 
did not transfer to the centromeres, central 
spindle, or the equatorial cortex ("triple prime" 
panels). (e-e"',f-f'") Transfection with 
INCENP,.405 also blocks Survivin-GFP from 
targeting to centromeres (arrows), (e-e'") 
An untransfected cell blocked with colcemid 
shows accumulation of (e'") Survivin-GFP 
and (e'O Aurora-B at the centromeres, (f-f") 
Cell transfected with INCENPi.^s and 
blocked with colcemid. (f") Sun/ivin-GFP and 
(n Aurora-B are no longer at the 
centromeres. Note that the exposure in panels 
(g'O and (g'") is elevated three times relative 
to that in panels (f) and (f"). Panels (g-g'") 
show that a normal central spindle forms 
between the separating chromosomes in 
INCENPi.406-transfected cells; (g'O 
microtubules, (g'") Survivin. (h-h'") 
Cotransfection with a plasmid expressing 
(h'O H2B-GFP (green) and INCENP,.405 
confirms that (h'") Aurora-B/AIMI (red) is 
diffuse in cells transfected with INCENP,.405. 
The scale bar represents 5 ^jim. 
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it was recently reported that a Survivin mutant that dis- 
rupts the function of the BIR domain causes Survivin to 
become spread diffusely throughout the cell, but TD60 



is localized correctly [14]. These findings suggest that 
either those two proteins act in different pathways or that 
TD-60 is also upstream of Survivin. 
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The pattern of Survivin disruption observed in cells trans- 
fected with INCENP 

1-405 mimics the behavior olDrosoph- 
tla INCENP in cultured cells when the Aurora-B kinase 
is abolished by dsRNA-mediated interference (RNAi). 
DmINCENP was observed to associate with chromo- 
somes but to target poorly, if at all, to centromeres and 
not to transfer to the spindle [19]. This raises the possibil- 
ity that Survivin localization to centromeres and the cen- 
tral spindle could be regulated by Aurora-B kinase. How- 
ever, Survivin is apparently not a substrate of Aurora-B 
kinase (R.R. Adams, S.P.W., W.C.E., unpublished data) 
and may instead be regulated by Cdklicyciin Bl [20]. 

Despite profoundly disrupting mitosis, including the lo- 
calization of Survivin, INCENP, and Aurora-B kinase, 
INCENP i_405 does not cause an increase in apoptosis. This 
is important because we did not observe any association 
of Survivin with spindle microtubules in this mutant. In 
previous studies, it was reported that a microtubule inter- 
action is essential for Survivin^s anti-apoptotic function 
in mitosis [10]. Our observations render such models less 
likely. 

In summary, we have reported that vertebrate Survivin is 
a chromosomal passenger protein that can interact direcdy 
with Aurora-B and INCENP and whose targeting to cen- 
tromeres and the central spindle depends on INCENP. 
Furthermore, as it was previously shown that INCENP 
exists in a complex with Aurora-B [7, 9], all combinations 
of interaction are possible within this triad of proteins. 
The prevailing cytokinesis defect that is manifest when 
the function of any one of these proteins is impaired may 
reflect a disruption of a chromosomal passenger complex. 

Supplementary material 

Supplementary material including a full description of the materials and 
methods is available at httpy/images.cellpress.com/supmat/supmatin.htm. 
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